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LONG-PERIOD MECHANISM OF THE 8 NOVEMBER 1980 EUREKA, 
CALIFORNIA, EARTHQUAKE 
BY THORNE LAY, JEFFREY W. GIVEN, AND HIROO KANAMORI 
ABSTRACT 
The seismic moment and source orientation of the 8 November 1980 Eureka, 
California, earthquake (Ms = 7.2) are determined using long-period surface and 
body wave data obtained from the SRO, ASRO, and IDA networks. The favorable 
azimuthal distribution of the recording stations allows a well-constrained mech- 
anism to be determined by a simultaneous moment tensor inversion of the Love 
and Rayleigh wave observations. The shallow depth of the event precludes 
determination of the full moment tensor, but constraining Mzx = May = 0 and 
using a point source at 16-km depth gives a major double couple for period T 
= 256 sec with scalar moment Mo = 1.1 • 1027 dyne-cm and a left-lateral vertical 
strike-slip orientation trending N48.2°E. The choice of fault planes is made on 
the basis of the aftershock distribution. This solution is insensitive to the depth 
of the point source for depths less than 33 km. Using the moment tensor solution 
as a starting model, the Rayleigh and Love wave amplitude data alone are 
inverted in order to fine-tune the solution. This results in a slightly larger scalar 
moment of 1.28o 1027 dyne-cm, but insignificant (<5 °) changes in strike and dip. 
The rake is not well enough resolved to indicate significant variation from the 
pure strike-slip solution. Additional amplitude inversions of the surface waves at 
periods ranging from 75 to 512 sec yield a moment estimate of 1.3 __. 0.2° 1027 
dyne-cm, and a similar strike-slip fault orientation. The long-period P and SH 
waves recorded at SRO and ASRO stations are utilized to determine the seismic 
moment for 15- to 30-sec periods. A deconvolution algorithm developed by 
Kikuchi and Kanamori (1982) is used to determine the time function for the first 
180 sec of the P and SH signals. The SH data are more stable and indicate a 
complex bilateral rupture with at least four subevents. The dominant first 
subevent has a moment of 6.4.1026 dyne-cm. Summing the moment of this and 
the next three subevents, all of which occur in the first 80 sec of rupture, yields 
a moment of 1.3 • 1027 dyne-cm. Thus, when the multiple source character of the 
body waves is taken into account, the seismic moment for the Eureka event 
throughout he period range 15 to 500 sec is 1.3 _+ 0.2 • 1027 dyne-cm. 
INTRODUCTION 
The 8 November 1980 earthquake which occurred offshore of Eureka, California, 
is the largest earthquake in California since the 1952 Kern County earthquake. The 
magnitudes ofthis event given in the Monthly Listing of the U.S. Geological Survey 
are mb= 6.2, ML ---- 7.0 (BRK), and Ms = 7.2. From the long-periodscalar moment 
determined in this paper, we find Mw = 7.3, where Mw is the magnitude determined 
from the seismic moment (Kanamori, 1977). The large size of this event makes it of 
particular interest for its tectonic implications. 
Studies of the aftershocks of the Eureka earthquake show a lineation 120 to 140 
km long trending N50°E, extending from the Mendocino fault to 60 km northwest 
of Eureka (Smith et al., 1981; Eaton, 1981). Focal mechanisms determined from 
stations in California nd Oregon show left-lateral strike-slip solutions for the main 
shock and aftershocks (Smith et al., 1981; Eaton, 1981). This orientation of faulting 
suggests internal deformation of the Gorda plate, due in part to north-south 
compression i the vicinity of the Cape Mendocino triple junction. The northeastern 
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orientation is consistent with the observations of topographic features in the Gorda 
Basin made by Silver (1971), and with the fault orientations of the 7 June 1975 (ML 
= 5.2) and 26 November 1976 (Ms = 6.8) events determined by Smith (1976) and 
Smith et al. (1981). Previous large events in the region include the 31 January 1922 
Ms = 7.3 and 23 January 1923 Ms = 7.2 events. 
In this paper, we utilize long-period surface waves to determine the source 
mechanism of the 1980 Eureka event. This is done by moment tensor inversion and 
fault model inversion of Rayleigh and Love wave recordings. The resulting focal 
mechanism and moment are well constrained and stable over a large range in period 
and prove consistent with the aftershock distribution and locally determined focal 
mechanisms. Body wave data are then utilized to determine the nature of strain 
release indicated by the signal complexity and to obtain a reliable moment estimate 
at periods of 10 to 30 sec. 
FIG. 1. Azimuthal equidistant plot centered on the 8 November 1980 Eureka, Cahforma, earthquake 
epicenter Locations of SRO, ASRO, and IDA stations used m this study are shown. 
DATA 
The three-component long-period recordings of the Eureka event made at Seismic 
Research Observatory (SRO) and Abbreviated Seismic Research Observatory 
(ASRO), and the long-period vertical components of the International Deployment 
of Accellerograph (IDA) stations provide our basic data set. Figure 1 shows the 
azimuthal distribution of these stations relative to the epicenter which is at 41.12°N, 
124.25°W. The horizontal components were rotated into tangential and radial 
components, and all phases R1 - R4 and G1 - G4 were examined. The instrument 
calibration parameters showed the largest deviations from standard values for the 
horizontal components at ZOBO and KAAO, and the former were omitted in the 
surface wave analysis, while BOCO appears to have clipped for body wave arrivals. 
For the purpose of obtaining a reliable long-period source mechanism, it is 
desirable to use the longest period for which the spectral behavior is stable. This 
enables one to have greater confidence in the use of gross earth phase velocity and 
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Q values in the inversion. Although well down on the amplitude response of the 
SRO and ASRO instruments, we found stable behavior for a period of 256 sec. For 
this period, similar inversion of Rayleigh wave data from the IDA network has 
proven successful (Kanamori and Given, 1981), and we adopted this period in all the 
initial processing. Many of the direct R1 and GI arrivals were contaminated by 
nonlinear transients, and we chose to use principally Re, R3, G2, and G3 arrivals. All 
of the good quality data were equalized to the same propagational distance, and 
redundant pairs (such as R2 and R4 ) were checked to ensure that the amplitude and 
phase gave comparable r sults. This was found to be the case for all of the data, and 
gives us confidence in the stability of the signals at 256 sec. From the equalized 
data, we selected the phases indicated in Table 1 for the inversion procedure. In 
most cases, we could substitute R4 or G4 for R2 or G2 and have very little effect on 
the inversion. 
TABLE 1 
STATIONS USED IN THE SURFACE WAVE INVERSIONS 
Station Type Locatmn h (deg) Az (deg) Phases Used 
ANTO SRO Ankara, Turkey 96.5 17.5 R2, Rz, G2, G~ 
BCAO SRO Bangm, Central African Repubhc 123.3 45.9 R1, R2, G2, G~ 
BOCO SRO Bogota, Columbia 57.8 114.9 R2, R3, G2, G3 
CTAO ASRO Charters Towers, Austraha 102.6 254.5 R 2, R ~, G2, Gz 
GRFO SRO Grafenberg, Germany 81.3 27.3 R3, R4, G~, G2 
GUMO SRO Guam, Manana Island 81.8 281.0 R2, R3, G2, G3 
KAAO ASRO Kabul, Afghanistan 103.5 348.7 R2, R3, G2, G~ 
KONO ASRO Kongsberg, Norway 72.5 22 5 R2, R3, G1, Ge 
MAJO ASRO Matsushlro, Japan 71.3 303.0 R2, R3, G2, G~ 
NWAO SRO Narrogin, Australia 131.1 259 3 R2, R3, G2, G~ 
SNZO SRO South Karori, New Zealand 99.1 222 0 R2, R3, G2, G3 
TATO SRO Taipei, Taiwan 90 2 304.3 R2, R3, G,, G2 
ZOBO ASRO Zongo Valley, Bolivia 77.3 125 0 R3, R4 
BDF IDA Bras~ha, Brazil 90.4 110.4 R3, R4 
CMO IDA College, Alaska 27.3 338.2 Re, R3 
ERM IDA Erimo, Japan 65.6 305 3 Re, Rz 
GAR IDA Garm, USSR 98.9 348.5 Re, Rs 
GUA IDA Guam, Mariana Island 81 8 280 9 R2, R~ 
HAL IDA Halifax, Canada 43.7 64.2 R~ 
KMY IDA Kunming, PRC 100.8 317.7 R1, R~ 
NNA IDA Nafia, Peru 68.7 129.2 Re, R3 
RAR IDA Rarotonga, Cook Islands 70 4 215.2 Re, Rz 
SUR IDA Sutherland, RSA 150.9 83.1 R3, R4 
TWO IDA Adelaide, Australia 116.9 246.1 Re, R3 
INVERSION 
The inversion procedure used is that for a seismic moment tensor source described 
by Kanamori and Given (1981). This involves a least-squares inversion for the 
moment ensor under the assumption that the isotropic component is zero. It is 
clear from expression (14) in Kanamori and Given (1981) that by using Love wave 
data alone, one cannot determine all five elements of the moment ensor (the 
combination Mxx + Myy is not present), but combined with Rayleigh wave data the 
Love waves do provide additional constraint on the source orientation, particularly 
for strike-slip events. 
Since it is reasonable to assume that the Eureka event is fairly shallow (USGS 
depth = 19.0 km), there is a difficulty in determining the long-period source 
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parameters. This is that the excitation functions QR (1) (or QL (1) for Love waves), in 
the notation of Kanamori and Stewart (1976), are derived from the radial factor of 
the stress function of normal modes which vanishes at the earth's urface. These 
excitation functions are coefficients of the Mzx and Mzy terms in the asymptotic 
expressions for the Rayleigh and Love displacement spectra, and hence those two 
elements of the moment tensor become indeterminate in the limit of zero depth. In 
order to stabilize the inversion for a shallow source, we follow the procedure 
discussed in Kanamori and Given (1981) of constraining Mzx = Mzy =- 0 in our 
inversions. This inherently restricts the solution space to either vertical strike-slip 
or 45 ° dip-slip mechanisms. This restriction does not prove of major importance for 
the Eureka event, since it appears on the basis of the body and surface wave 
radiation patterns that the focal mechanism is indeed close to being a vertical strike- 
slip event. The excitation functions for the model 5.08 M {Press, 1970; Kanamori, 
1970), phase velocities computed from the normal mode data of Gilbert and Dzie- 
wonski (1975), and Q and group velocity data from Kanamori (1970) are used in the 
inversion. 
For the initial inversion, we used the Rayleigh wave data alone. We assumed a
point source at 16-km depth, and a source process time, ~ = 30 sec. The source 
process time accommodates phase shifts introduced by the source finiteness and 
finite source rise time. Since we lacked a priori knowledge of the rupture process, 
we chose the nondirectional value for r, where the overall source finiteness effect 
has the form 
(T )  exp~T)  (1) 
where T is the period of the wave. For rupture lengths of up to 100 kin, this is a good 
approximation (Kanamori and Given, 1981). The choice of • = 30 sec was based on 
the empirical relation given in Table 3 of Kanamori and Given (1981). The resulting 
moment ensor for the Rayleigh wave inversion is given in Table 2. The major 
double couple turns out to be the strike slip double couple with moment 1.0.1027 
dyne-cm and strike N49.9°E. The minor double couple has a moment 11 per cent 
the size of the major double-couple moment. The standard errors on the three 
moment ensor elements are quite small, indicating that this is a good solution. 
Figure 2 shows the azimuthal fit to the Rayleigh wave phase and amplitude spectra. 
The phase agreement is particularly good, indicating that the great circle paths for 
our source-receiver combinations are not unusually anomalous relative to the gross 
earth model. Since the inversion fits the complex signal, it is not surprising that the 
fit to the amplitude data is not as good as might be obtained by fitting amplitudes 
alone. The asymmetry in the theoretical radiation pattern is produced by the minor 
double couple, but it is clear that four lobes are present. 
The next stage was combining the Love and Rayleigh wave data into a simulta- 
neous inversion, noting that the Rayleigh wave solution would predict a four-lobed 
Love wave radiation pattern. The results of the simultaneous inversion with r -- 30 
sec are given in Table 2, and the fit to the data is shown by the solid line in Figure 
3. The solution is very similar to the previous one, with a minor change in strike and 
slight increase in moment. Two of the three moment ensor elements have lower 
standard eviations than the Rayleigh wave inversion. It is clear that the Love 
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waves are quite consistent with a strike-slip solution. The four-lobed pattern is 
offset by 45 ° from the Rayleigh wave pattern, and the nodes are well-constrained. 
Again, the phase agreement is very good, and the amplitudes are reasonably well fit, 
although the model appears to slightly underpredict the observations in the loop 
TABLE 2 
MOMENT TENSOR (d = 16 KM) 
CONSTRAINED (Mz~ = Mzy  = 0) ,  'r = 30.0 SEC 
Data Raylelgh Waves Raylelgh and Love Waves 
M~y* 0.16 + 008 0 11 _+ 007 
Myy - Mxx 1.89 +_ 0.18 2.03 _ 0 13 
Myy + Mx~ 0.11 _+ 0.06 0.11 _ 0 09 
M~y 0 0 
M~x 0 0 
Mo * 1.02 1.07 
Dip 90 0 ° 90.0 ° 
Major 
D-C 
Slip 0.0 ° 0 0 ° 
Strike 49.9 48.2 ° 
Minor D-C 11% 10% 
* Unit of moment ensor elements and scalar moment is 1027 dyne-cm. 
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Fm 2. Phase and amplitude spectra of the 256-sec period Rayleigh waves of the Eureka earthquake. 
The phase spectra have been corrected for source finiteness using T = 30 sec. The solid curves are for the 
Raylelgh wave inversion hsted in Table 2. 
directions. No asymmetry in the radiation patterns is evident, which suggests that 
directivity is not resolvable for this event at 256 sec. This is consistent with the 
relatively short fault length of 120 to 140 km inferred from the aftershock distribu- 
tion. 
Tests were conducted to assess the effect of the assumed source process time and 
point source depth. In Table 3, the moment ensor solutions of the simultaneous 
inversion for r -- 0.0, 30.0, and 40.0 sec are shown. The effects of varying the source 
process time are quite small, with a slight increase in moment and decrease in strike 
accompanying increasing r. The reduction in the minor double-couple contribution 
is more significant, and supports the selection of • = 30 sec. In Table 4, we show 
inversion solutions for varying source depths. The cases shown are for point sources 
at 9.75-, 16.0-, and 33.0-km depths and for excitation functions generated for a 
distributed source extending from 0- to 24.5-km depth (Kanamori and Given, 1981). 
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The small changes in the resulting solutions indicate that there is no real sensitivity 
to depth in the 256-sec data despite the s imultaneous use of Rayleigh and Love 
wave data. From these tests, we feel that the solutions given with ~ = 30 sec and d 
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FIG. 3. Phase and amphtude spectra of the 256-sec per iod Rayleigh and Love waves of the Eureka  
ear thquake .  The phase spectra have been corrected for source finiteness using r = 30 sec, The solid 
curves  are for the  mmul taneous  Rayleigh and Love wave inversion listed in Table 2. The dashed hnes are 
for the constrained-shp amplitude Inversion in Table 5, 
TABLE 3 
MOMENT TENSOR (d = 16 KM) 
CONSTRAINED (Mzx = Mzy = O) 
SIMULTANEOUS RAYLEIGH AND LOVE WAVE INVERSION 
(sec) 00 300 400 
Mxy* 0 14 _ 0.08 0.11 _ 0.07 0.08 +_ 0.07 
Myy - Mx~ 1.71 ± 0.15 2.03 +_ 0.13 2 06 __- 0.13 
My~ + M~ 0.22 _ 0.10 0 11 +__ 0.09 0.06 _ 0.09 
M~y 0 0 0 
M~x 0 0 0 
M0* 0 98 1.07 1.07 
Dip 90.0 ° 90.0 ° 90 0 ° 
Ma jor  
D-C 
Shp 0.0 ° 0.0 ° 0.0 ° 
Str ike 49.6 ° 48.2 ° 47.3 ° 
M inor  D-C 22% 10% 6% 
* Un i t  of moment  tensor elements and scalar  moment  is 10 27 dyne-em.  
= 16 km are as reliable as can be obtained from this data set. An attempt was made 
to relax the constraint on Mzx and Mzy, but the inversion proved unstable. 
Since the moment  tensor inversion was constrained to be the vertical strike-slip 
or 45 ° dip-slip solution and the fit to the amplitudes appeared biased toward slightly 
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low va lues ,  we per fo rmed a non l inear  invers ion  us ing  on ly  the  Love  and  Ray le igh  
wave  ampl i tude  data .  Th is  requ i red  spec i f i ca t ion  of  a s tar t ing  mode l  wh ich  was  
taken  f rom the  moment  tensor  resu l t .  Th is  invers ion  a l lowed us  to  f ine - tune  the  
source  mechan ism and to  seek  any  component  of  ob l ique  sl ip. We per fo rmed the  
invers ion  for  numerous  s tar t ing  mode ls  and  combinat ions  o f  const ra ined  parameters .  
Some o f  the  so lu t ions  are  shown in  Tab le  5. In  al l  cases  there  was  a tendency  to  
increase  the  moment  by  25 to  30 per  cent ,  wh i le  the  d ip  and  s t r i ke  f luc tuated  by  
TABLE 4 
MOMENT TENSOR ('r ---- 30 SEC) 
CONSTRAINED ( i zx  ~ Mzy = O) 
SIMULTANEOUS RAYLEIGH AND LOVE WAVE INVERSION 
d (kin) 975 160 330 24 5din* 
M~yt 0 09 + 0.07 0.11 + 0.07 0.12 +_ 0.07 0.10 +_ 0.07 
Myy - Mx~ 1.97 ___ 0 13 2.03 _ 0 13 2.10 _ 0.14 1.99 ± 0.13 
M~y + Mxx 0 09 ± 0.08 0.11 ± 0.09 0.15 ___ 0.11 0.10 ± 0.09 
M~y 0 0 0 0 
M~ 0 0 0 0 
Mot 1.03 1 07 1 13 1.05 
Dip 90.0 ° 90.0 ° 90.0 ° 90.0 °
Major 
D-C 
Slip 0.0 ° 0.0 ° 0.0 ° 0.0 ° 
Strike 47.7 ° 48.2 ° 48.2 ° 47.8 ° 
Minor D-C 9% 10% 13% 9% 
* Excitation function for distributed source extending from the surface to depth 24.5 km. 
t Unit of moment ensor elements and scalar moment is 102~ dyne-cm 
TABLE 5 
AMPLITUDE INVERSION (~" = 30 SEC) 
SIMULTANEOUS RAYLEIGH AND LOVE WAVE INVERSION 
Starting Strike Shp Unconstrained 
Model Constramed Constrained 
M0 * 1.0 1.38 1.28 1.40 
Dip 90 0 ° 86.3 ° 90.0 ° 88.6 ° 
Slip 0 0 ° -25.0 ° 0.0 ° -25 9 ° 
Strike 47 0 ° 48.0 ° 49 3 ° 48.6 ° 
S.E. 0.469 0.452 0.463 
Startmg Unconstrained Startmg Unconstrained 
Model Model 
M0 * 1.0 1 28 1.0 1.28 
Dip 90.0 ° 98.7 ° 90.0 ° 79.6 ° 
Shp 10.0 ° 4.5 ° -10 0 ° -3.8 ° 
Strike 47.2 ° 48.6 ° 47.2 ° 48.6 ° 
S.E. 0.464 0.464 
* Unit of scalar moment is 1027 dyne-cm 
on ly  _+5 ° . The  rake ,  however  was  not  s tab ly  reso lved ,  vary ing  w i th  s tar t ing  mode l ,  
but  never  substant ia l l y  reduc ing  the  s tandard  er ror  o f  the  fit. G iven  th i s  lack  o f  
const ra in t ,  the  most  reasonab le  so lu t ion  appears  to  be  for  a rake  of  0 °, and  a 
moment  of  M0 = 1.3 • 1027 dyne-cm.  The  lack  of  var ia t ion  in  the  s t r i ke  and  d ip  
tes t i f ies  to  the  degree  to  wh ich  the  Love  and  Ray le igh  wave  data  p in  down the  
nodes  o f  the  rad ia t ion  pat tern .  Th is  resu l t  suggests  that  the  const ra in t  on  the  M~ 
and Mzy components  in  the  moment  tensor  invers ion  d id  not  b ias  the  so lu t ion .  The  
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fit of the rake-constrained amplitude inversion to the observations for a 16-km-deep 
point source and a 30-sec source process time is shown with a dashed line in Figure 
3. The amplitude data are in better overall agreement with this model. 
As a check on the solution obtained by the inversion, we calculated Love and 
Rayleigh wave synthetics for comparison with the data. Although good agreement 
does not conclusively prove that our mechanism is the correct one, the comparisons 
shown in Figures 4 and 5 illustrate the quality of the data and the solution. The 
synthetics in Figures 4 and 5 were calculated for the mechanism listed in Table 9 
assuming a source process time of 30 sec. The numbers given in the figures are the 
moments observed at the individual station. 
Most of the Love waves in Figure 4 were band-passed filtered between 80 and 
1500 sec. The rest of the Love waves and the Rayleigh waves in Figure 5 were 
KONO 2 02 
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FIG. 4 The Love wave radlahon pattern and comparison between synthetic (dotted lines) and 
observed seismograms. The fault parameters u ed m the synthetic alculation are hsted m Table 9, and 
a source process time of 30 sec was assumed. The observed seismograms and synthetics for GUMO G2, 
GUMO G3, BOCO G2, BOCO G3, TATO G2, TATO G3, MAJO G2, and MAJO Ga were filtered with a 
Gaussian band-pass filter between 120 and 1500 sec The rest of the data and synthetics were band-pass 
filtered between 80 and 1500 sec. The number above each observed record is the moment (m umts of 1027 
dyne-cm) that would be obtained using that record alone. 
filtered between 120 and 1500 sec. Because the SRO and ASRO instruments peak 
at around 30 sec, the seismograms are essentially narrow-band records of displace- 
ment. The dominant period is the short-period cut-off of the Gaussian band-pass 
filter. Therefore, our synthetic alculations provide a check of the inversion results 
at around 100 sec. The average moment obtained from the Love waves in Figure 4 
is 1.27 • 1027 dyne-cm, and from the Rayleigh waves in Figure 5, 1.7 • 1027 dyne-cm. 
This result is in good agreement with the moment obtained from the 256-sec period 
inversion. From Figures 4 and 5, it is apparent that the Love and Rayleigh wave 
amplitudes scatter significantly more at around 100 sec than at 256 sec. This can be 
attributed to lateral heterogeneity and the inadequacy ofthe gross earth model used 
in the synthetic alculations. No systematic scatter which can be attributed to error 
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in the mechanism is evident. Overall, the agreement between observed and synthetic 
seismograms is quite good and lends confidence to he inversion solution. 
We applied the inversion procedure described above for several additional periods, 
ranging from 75 to 512 sec. For periods less than 150 sec, the use of g~oss earth 
model values for phase velocity and Q introduces significant errors in the moment 
tensor inversion, while at periods longer than 300 sec the low amplitudes and limited 
dynamic range of the instruments cause some spectral instability. Throughout the 
period range considered, reasonable amplitude behavior was observed, with phase 
inconsistency proving a greater problem. The results for constrained moment tensor 
and amplitude inversions are given in Tables 6 and 7. The moment ensor esults 
are most reliable for periods greater than 200 sec, and the amplitude inversions are 
4 ~ I 
7nRN 
MAJO . ~ I I  
600 sec 
Fro. 5 Comparison between filtered Rayleigh wave synthetics and observed seismograms. The 
records are of R2 and R3 filtered in the pass-band 120 to 1500 sec The fault parameters u ed are the same 
as in Figure 4. The number above each observed record is the moment (in units of 1027 dyne-cm) that 
would be obtained usmg that record alone. 
most reliable for periods from 128 to 301 sec. Over this period range, the amplitude 
inversions give a stable moment estimate of 1.26 __ 0.09 • 10 ~7 dyne-cm. Shorter 
periods how much greater amplitude scatter as indicated by the increased standard 
error of the inversion solution, and the very long-period results are somewhat 
suspect simply because these periods are poorly excited and extremely far down on 
the instrument response. Despite these potential problems, the very long-period 
data show relatively small amplitude and phase scatter, and suggest aslight increase 
in moment with period. There is however, greater variation in strike at these periods 
and we do not feel that this trend is reliably resolved. 
It is surprising that the amplitude inversion was successful for the 75-sec period. 
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Lateral vari'ations strongly affect such short periods, as does source directivity. For 
this case alone, the source process time was set to zero. 
BODY WAVE ANALYSIS 
The long-period P and SH waves recorded at the SRO and ASRO stations were 
modeled in order to obtain the seismic moment in the period range 10 to 30 sec and 
TABLE 6 
MOMENT TENSOR INVERSIONS ('r = 30 SEC) 
CONSTRAINED (Mzx  -~ M~ = O) 
SIMULTANEOUS RAYLEIGH AND LOVE WAVE INVERSION 
Strike Minor D-C T (sec) Mxy M~, - Mxx M~ + Mx~ Mo (°) (%) 
98.5 -0.05 _ 0.12 1.02 ± 0.25 -0.07 +- 0.17 0.5 42.5 13 
128.0 0.08 ± 0.12 0.88 _ 0.26 0.21 _ 0.17 0.6 50.1 38 
150.6 -0.08 _ 0.12 1.55 _ 0.24 0.08 ± 0.16 0.8 44.7 9 
176.6 0.00 ± 0.08 1.11 ± 0.17 0.07 ± 0.11 0.6 44.9 11 
196.9 0.19 ± 0.09 1.39 ± 0.18 0.01 ± 0.12 0.7 52.5 2 
222.6 0.10 ± 0.08 1.89 ± 0 15 0.06 ± 0.10 1.0 48.0 7 
256.0 0.11 ± 0.07 2.03 _+ 0.13 0.11 +_ 0.09 1.1 48.2 10 
301.2 0.20 ± 0.07 2.28 ± 0.13 0.00 ± 0.09 1.2 50.0 0 
341.3 0.42 ± 0.08 2.48 ± 0.14 -0.05 ± 0.12 1.3 54.3 4 
393.9 0.43 ± 0.10 2.53 ± 0.17 -0.05 ± 0.17 1.4 54.4 4 
465.5 0.26 ± 0.11 2.59 ± 0.19 -0.16 ± 0.20 1.4 50.6 11 
512.0 0.47 ± 0.10 2.27 ± 0.19 0.08 ± 0.20 1.3 56.2 7 
* Unit of moment ensor elements and scalar moment is 1027 dyne-cm. 
TABLE 7 
AMPLITUDE INVERSIONS (T = 30 SEC) 
CONSTRAINED (DIP = 90 °, SLIP = 0 °) 
SIMULTANEOUS RAYLEIGH AND LOVE WAVE INVERSION 
Strike T (sec) M0* S E (°) 
75.3t 1.32 50.9 1.8 
98.5 1.16 52.2 1.4 
128 0 1.26 50 7 1.0 
150.6 1.34 49.4 0 8 
176 6 1.10 49 9 0.7 
196.9 1.22 49.7 0.7 
222.6 1 27 49 9 0.6 
256 0 1.28 49.3 0.5 
391 2 1.35 51.4 0.5 
341.3 1.48 54.1 0.5 
393.9 1.54 52 5 0.6 
465 5 1 51 50.2 0.7 
512.0 1.44 52.5 0.6 
* Unit of scalar moment is 1027 dyne-cm. 
t v = 0 0 sec. 
to investigate the mode of strain release of the Eureka earthquake. The long-period 
system response of the SRO stations has a peak response at 28-sec period, with a 
1.25-octave separation at -3  dB points, and a 24-dB/octave roll-off at high and low 
frequencies. In addition, there is a 6-sec notch filter, and an antialiasing filter 
(McCowan and Lacoss, 1978). The net result is that the direct body wave phases 
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observed on the long-period channels are relatively insensitive to the interference of 
direct and depth phases that is distinctive for shallow strike-slip events observed at 
WWSSN stations. Since these arrivals are not clearly distinguishable, it is difficult 
to constrain the focal mechanism further using this body wave data set, however 
the long-period nature of these signals does allow for a stable estimate of the 
moment, given independent knowledge of the source orientation. We employ the 
technique developed by Kikuchi and Kanamori (1982) to determine the body wave 
time function and moment. This technique involves a deconvolution procedure in 
which the far-field time function is obtained as a superposition of ramp functions. 
The height and onset time of the ramp functions are determined by matching the 
synthetic and observed waveforms in a least-squares sense. Discrete trapezoidal 
pulses produced by pairs of ramp functions are then identified as individual sub- 
events, for both single- and multi-station deconvolutions. 
The agreement between the surface wave fault orientation and the regional short- 
period mechanisms and aftershock distribution indicates that the fault orientation 
is well determined and not period dependent. In the deconvolution process, we fix 
the orientation to that of the surface wave results for the simultaneous inversion 
given in Table 2. The inversion procedure constrains all subevents to have the same 
orientation, which is a reasonable approximation except for nodal stations. 
Figure 6a shows the azimuthal distribution of long-period P waves along with the 
surface wave fault orientation. Many stations are very close to P-wave nodes, and 
the initial pulse is dominated by sP which is predicted to be twice as large as P, and 
has the same polarity, pP is of equal amplitude to P and of opposite polarity which 
tends to cancel out the P arrival for this shallow source. The depth phases all arrive 
within the 10-sec pulse width of the instrument impulse response. We inspected the 
short-period vertical channels to assure that the polarity of the P arrival is consistent 
with that inferred on the long periods. The short-period ata support an initial 
source depth of 19 km as given by the USGS, but it is not clear how this varies with 
time into the signal. Note that the signals are quite coherent at different azimuths 
and large amplitude arrivals are seen in the coda. Since PcP is the only additional 
arrival predicted at these distances (and it should be small relative to the P arrival), 
it is likely that the source is rather complex at these periods. This complexity is 
typical of that observed for P waves from strike-slip events (e.g., Kanamori and 
Stewart, 1978), however, one must be cautious in drawing this conclusion, for the P 
waves are all essentially nodal. The relative amplitudes show fairly stable behavior 
except for the stations nearest to P-wave nodes, where the amplitudes are enhanced. 
The SH data are shown in Figure 6b, and perhaps suggest a less complicated 
rupture process. Except at very nodal stations, KAAO and GUMO, the first pulse is 
clearly dominant. The polarities again prove consistent with the focal mechanism as 
do the relative amplitudes. This consistency was also observed in the SV signals. 
For the SH arrival, the phase sS constructively interferes with the direct arrival for 
the given focal mechanism, and there is less rapid variation in their relative behavior 
than in the P-wave signal for small changes in fault orientation. This, combined 
with the less nodal character of the SH phases leads us to place greater confidence 
in the SH moment obtained below. There is some contamination due to ScS in these 
signals, but again, this phase should be relatively small. 
We first performed the deconvolution of each P and SH arrival individually. The 
individual time functions were then inspected for coherence of major arrivals and 
for variation in moment. We took 190-sec time windows except for a few closer 
stations where 170-sec windows were adopted to avoid PP. The deconvolution 
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procedure was allowed to run 40 iterations, with there being very little significant 
change after 30 iterations. The residual error given by equation (17) in Kikuchi and 
Kanamori (1982) was used to adjust he inversion parameters. We allowed only the 
depth to vary in the inversion procedure and found that the results are quite 
insensitive to source depth, but convergence is most rapid for a source depth of 5 
km. The ramp function rise time was also allowed to vary and was found to maximize 
the convergence with a value of 4 sec. In Figure 7 we show the resulting time 
functions, where a linear trend has been removed from each time function. This 
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FIG. 6. (a) Long-period P-wave data from the SRO and ASRO networks along with the first motions 
projected m the lower equal area hemisphere of the P-wave radiation pattern for the surface wave 
solution from the combined inversion in Table 2 Filled symbols denote compresslonal first arrivals and 
triangles mdmate nodal stations (b) Long-permd SH-wave data from the SRO and ASRO networks along 
with the SH first motions projected m the lower equal area hemisphere of the SH-wave radiation pattern 
for the same solution as m (a). Filled symbols denote counterclockwise polarization relative to the source 
and triangles indicate nodal stations. In both figures, the numbers are the first peak-to-trough amplitudes 
in units of 104 digital counts. ASRO stations have been corrected to SRO gains (5000 counts/micrometer 
of ground motion @ 25-sec period) for comparison 
linear trend is probably caused by the low signal-to-noise ratio at the longer periods, 
and is not significant. Figure 8, a and b, shows the synthetic P and SH waveforms 
corresponding to these time functions. The agreement inwaveform is quite satisfac- 
tory, encouraging us to inspect he time functions in Figure 7 more closely. 
In general, the P-wave time functions how greater structure than do the SH 
results. Along with each time function, the corresponding moment aken from the 
first 120 to 140 sec of the signal is given in Figure 7. The P-wave moments how a 
considerably arger moment range of a factor of 10 than do the SH waves which 
show a factor of 2.2. Note that the stations near nodes in the radiation pattern show 
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consistently arge moments and additional source complexity. The amplitudes at 
these stations are considerably arger than predicted by the surface wave solution. 
This behavior is often observed for nodal stations and in part may result from errors 
in the predicted radiation pattern, from changes in the radiation pattern with time, 
or from heterogeneity in the source region. The stations which show enhanced P- 
wave moments do not show corresponding SH enhancement, nor are the surface 
wave amplitudes anomalous. We examined the WWSSN station MAT, which is 
near MAJO and found that the P wave was similarly enhanced, although the initial 
arrival is very nodal as expected. The short periods at MAJO and ZOBO show that 
P SH 
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FIG 7 Individual station source t ime functions resultmg from P and SH deconvolutlons. The 
moments  are taken from the first 120 to 140 sec of each trace. Stations marked by an asterisk are very 
close to P-wave rachatlon odes. 
the initial P arrivals are smaller than the coda in the following 30 sec and the 
absolute amplitudes of the first arrival are small re ative to the other stations. This 
indicates that the fault orientation is quite accurate and that small changes in 
orientation probably occurred as rupture progressed. These changes most pro- 
foundly affect stations very close to nodes, and should affect he SH waves less. For 
the simultaneous deconvolution we utilize only the six P waves that are in more 
stable portions of the radiation patterns and use all of the SH waves except for 
GUMO. 
452 THORNE LAY, JEFFREY W. GIVEN, AND HIROO KANAMORI 
The individual station time functions how fairly good coherence at particular 
azimuths, and rather substantial azimuthal variations. A consistent feature is that 
there are two fairly large events in the first 40 sec, although these are not as well 
resolved in the SH waves as in the P waves. This double source character was found 
to be the case in some preliminary forward modeling experiments. There appear to 
be three or four subsequent events, although these are not well resolved at some 
stations. Given the rather complete azimuthal coverage of this data set, the results 
are quite encouraging and justify the multi-station deconvolution which helps to 
suppress noise and core-reflected phases. It should be noted that the azimuthal 
coverage is much grez, ter in this case than was available for the Guatemala earth- 
(o) P 
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Fro. 8. (a) Comparison of observed and synthetic P waves for the individual P-wave time functions 
m Figure 7, Each comparison is plotted with true relative amphtude. (b) Comparison of observed and 
synthetic SH waves for the indwidual SH-wave hme functions m l~igure 7. Each comparison is plotted 
with true relatwe amplitude. 
quake analyzed in Kikuchi and Kanamori (1982), and the variation in resulting 
individual time functions is correspondingly greater. 
For the multi-station i version, we take 11 points, each 15 km apart, along the 
fault strike as the discrete source locations, and invert he P and SH data separately. 
The far-field source time functions for the P and SH data evaluated at an azimuth 
90 ° from the fault strike are shown in Figure 9. The resulting synthetic waveforms 
are shown in Figure 10, a and b. The source time functions are encouragingly similar, 
with perhaps ix discrete common sources in the first 160 sec. The moments of these 
ruptures are given in Table 8. Nearly ½ of the moment release occurs within the first 
20 sec, but the additional ruptures do radiate significant energy. The P and SH time 
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FIG. 9. P and SH time functions resulting from simultaneous deconvolutlons. Discrete subevents are 
indicated with the circled numbers. 
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FIG. 10. (a) Comparison of observed and synthetic P waves for the simultaneous P-wave deconvolu- 
tion time function given in Figure 9. Each comparison is plotted with true relative amplitude. MAJO, 
TATO, ZOBO, and SNZO amphtudes have been reduced by a factor of 5.0. The latter stations were not 
used in the deconvolution. (b) Comparison of observed and synthetic SH waves for the simultaneous SHo 
wave deconvolutlon time function given m Figure 9. Each comparison is plotted with true relative 
amplitude. 
funct ions are similar in durat ion,  a l though the init ial  pulse is 2 sec broader  for the 
SH waves. 
In  Figure lOa, the P-wave synthet ics are compared with the data with true relat ive 
ampl i tudes.  In  addit ion to the six data used in the invers ion we show comparisons 
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for the additional four nodal stations where the observed amplitudes have been 
reduced by a factor of 5.0. The waveform agreement is quite good at most stations, 
although KAAO, which is a slightly diffracted arrival, is poorly fit. The misfit in 
amplitude of the synthetics tracks the range in moments found by the individual 
station deconvolutions shown in Figure 7. It is interesting that the waveform 
agreement a  MAJO, TATO, ZOBO, and SNZO is reasonably good although these 
were not used in the inversion. The factor of 5 discrepancy in amplitude of these 
stations is apparently not associated with strong waveform characteristics. This is 
confirmed by inspecting the synthetics when the rake, dip, and strike are allowed to 
have 5 ° variations. While this produces ignificant changes in predicted amplitude 
of up to a factor of 2 to 3 at nodal stations, the waveforms of the long periods are 
quite similar. Due to this waveform insensitivity, the SRO and ASRO data alone 
are too sparse to reliably fine-tune the focal mechanism. The simultaneous inversion 
result is quite stable for such small changes in orientation. This sensitivity of nodal 
stations indicates that caution must be exercised in using small sets of teleseismic P 
waves to model source characteristics of strike-slip events. 
The synthetic SH waves are in quite good agreement with the data in both 
TABLE 8 
MOMENT AND PROCESS TIME OF INDIVIDUAL SUBEVENTS 
Phase Event 1 2 3 4 5 6 Total* 
p •(sec) 11 15 14 9 11 30 49 
Mot  6 1 4.1 2.0 2.0 2.0 2.6 14.2 
SH "r (sec) 15 15 14 12 12 12 56 
Mot  6 4 2.3 1 9 2.2 0.7 1.9 12.8 
* Taken for the first four subevents. 
t Moment m 1026 dyne-cm. 
TABLE 9 
EUREKA, 1980 
LONG-PERIOD SOURCE MECHANISM 
Moment (dyne-cm) Strike Dip Shp 
1.3 +_ 0 2.1027 N49 ° +_ 0 2°E 90 ° 0 ° 
waveform and relative amplitude. KAAO is again overpredicted, but the overall 
scatter is significantly less than found for the P waves. Much of the complex 
interference atMAJO and TATO is modeled adequately, although the observations 
at CTAO and SNZO are simpler than the model. The greater stability of the SH 
amplitudes suggests that the moment is best estimated as 1.3 • 1027 dyne-cm, where 
we have taken the moment from the first 80 sec of the SH time function. This 
duration was chosen because it is that for which the P and SH results are most 
consistent and also proved more stable for small changes in fault strike. 
The spatial variation of the moment release can be inferred from the time 
sequence of the discrete source activity, as shown in Figure 11. The solutions for 
both P and SH waves indicate a bilateral rupture which covered 75 km of the fault 
in the first 15 sec of rupture. This indicates a rupture velocity of 2.5 km/sec. The 
next 20 sec of rupture extended the rupture length at both ends of the fault as well 
as rupturing a "locked" spot in the middle. The rupture velocity and rupture 
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duration are consistent with the 30-sec source process time adopted in the surface 
wave analysis. It should be noted that the migration of aftershock activity was 
generally in a direction toward the southwest (Smith et al., 1981), which appears to 
contradict the bilateral pattern indicated in Figure 11. The complex interference of
the subevents makes it difficult o resolve their spatial distribution, thus the evidence 
for bilateral rupture should be considered of marginal significance. 
DISCUSSION 
For a moment of 1.3 • 1027 dyne-cm one finds Mw = 7.3, where 
Mw = (log M0/1.5) - 10.7. 
This value of Mw is slightly greater than the Ms given by the USGS. If we assume 
a rigidity of 3 • 1011 dyne/cm 2, a fault length of 140 km and a width of 15 km, we 
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FIG 11. Schematic of the SH simultaneous deconvolution rupture history. The circules mchcate 
location and onset ime of large pulses, with filled and open circles showing positive and negative pulses, 
respectively. Relatwe pulse moment is roughly given by circle diameter 
estimate an average slip of 2.1 m for this event. The actual fault width to use is 
uncertain due to the difficulties in constraining the aftershock depths (Smith et al., 
1981). The Eureka event clearly represents significant deformation of the Gorda 
plate, with the fault orientation being consistent with a north-south compressional 
stress regime. 
The stability of the moment estimate over the large range in period from 15 to 
512 sec indicates that the Eureka event had no anomalous source spectrum char- 
acteristics. Our moment is consistent with the estimate of 1.1 • 1027 dyne-cm 
obtained by Dziewonski and Woodhouse (1981) by moment tensor inversion of body 
and surface waves. The order of magnitude discrepancy in rnb (6.2) and Ms (7.2) 
probably reflects the multiple source character of the rupture, extending over a 
length of about 100 km. 
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CONCLUSIONS 
The  long-per iod source parameters  of  the 8 November  1980 Eureka  ear thquake  
have  been determined using Ray le igh  and  Love wave data  f rom SRO, ASRO,  and 
IDA stat ions.  The  s imul taneous  moment  tensor  invers ion of  th is  data  y ie lds a 
moment  of 1.1 1027 dyne-cm for a le f t - latera l  vert ica l  str ike-s l ip  mechan ism 
t rend ing  N48.2°E, wi th  a minor  doub le -coup le  moment  10 per  cent  as large as the 
major  doub le -coup le  moment .  Th is  so lut ion is re la t ive ly  insensi t ive to source process 
t ime and source depth  less than  33 km. S imul taneous  invers ion of the  ampl i tude  
data  gives a ref ined moment  of 1.3 • 1027 dyne-cm and str ike N49.3°E. No s igni f icant 
obl ique slip is found, a l though the rake is not  well  const ra ined wi th in  +20 ° . At  256- 
sec per iod,  no d i rect iv i ty  is observed,  but  assoc iat ing the  nor theast - t rend ing  oda l  
p lane wi th  the  a f tershock  d is t r ibut ion  ind icates  that  the Gorda  p late  is be ing 
in terna l ly  de formed along nor theast - t rend ing  s t ructures  due to nor th -south  
compress ion.  Invers ion  at  o ther  per iods  conf i rms the  moment  and or ientat ion  found 
at  256 sec, wi th  no s igni f icant var ia t ion  between 75 and 512 sec. The  body  wave data  
ind icate  a mul t ip le  rupture  wi th  four d is t inct  subevents  in the  f irst 80 sec of rupture  
which  give a tota l  moment  of  1.3 • 1027 dyne-cm for the  SHwaves .  The  f irst subevent  
re leased ½ the  tota l  moment .  
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